NHEXAS AZ is a multimedia, multipathway exposure assessment survey designed to evaluate metals and other analytes. This paper reports the analytespecific concentration distributions in each of the media examined (air, soil, house dust, food, beverage, and water), for various methodologies used (inductively coupled plasma-atomic emission spectroscopy and hydride generation-atomic absorption spectroscopy). Results are reported for the five primary metals (Pb, As, Cd, Cr, and Ni). Ingestion was the most important pathway of exposure. Metal concentrations in air were very low (ng / m 3 ) and found only above the 90th percentile. Metals were commonly found in house dust and soil. Exposure transfer coefficients minimize the importance of this component for those over the age of 6 years. When ranked by exposure, food, beverage, and water appeared to be the primary contributors of metal exposure in NHEXAS AZ. For instance, at the 90th percentile, Pb was undetected in air, found at 131 and 118 g / m 3 in floor dust and soil, respectively, and measured at 16 g / kg in food, 7.1 g / kg in beverage, and 2.0 and 1.3 g / l in drinking and tap water, respectively. We calculated preliminary estimates of total exposure (g /day) for each participant and examined them independently by age, gender, and ethnicity as reported by the subjects in the NHEXAS questionnaire. At the 90th percentile for Pb, total exposures were 64 g /day across all subjects (n =176); adult men (n = 55) had the greatest exposure (73 g /day) and children (n =35) the least (37 g /day). Hispanics (n = 54) had greater exposure to Pb (68 g /day) than non-Hispanics (n =119; 50 g /day), whereas non-Hispanics had greater exposure for all other metals reported. These results have implications related to environmental justice. The NHEXAS project provides information to make informed decisions for protecting and promoting appropriate public health policy.
Introduction
The National Human Exposure Assessment Survey (NHEXAS) is an umbrella term for three separate studies (Sexton et al., 1995a,b) . This study, NHEXAS AZ (Lebowitz et al., 1995) , and NHEXAS Region 5 (Pellezzari et al., 1995) employ population-based probability designs over large and varied geographic areas. These novel studies examine metals, particles, pesticides, and VOCs from multiple media and evaluate the importance of each exposure pathway (inhalation, ingestion, and absorption). This paper reports preliminary results from the five primary metals selected by NHEXAS AZ (Lebowitz et al., 1995) . These metals are lead (Pb), arsenic (As), cadmium (Cd), chromium (Cr), and nickel (Ni). They were chosen because of known and suspected health effects.
Elevated Pb exposure affects various organ systems both acutely and chronically regardless of pathway (Agency for Toxic Substances and Disease Registry, 1997a,b,c) . Children living in low socioeconomic conditions, particularly in the inner cities, experience the greatest neurological and developmental risk. Elevated exposure among pregnant women may result in miscarriage (Agency for Toxic Substances and Disease Registry, 1997a,b,c) . Over the past 30 years, legislation has reduced Pb levels in paint, gasoline, smelter emissions, and leached Pb from containers (Agency for Toxic Substances and Disease Registry, 1997a) . NHANES data from 1976 ±1980 report mean blood Pb values of 15.0 g /dl in children under the age of 5 years. In subsequent NHANES blood collections (1991±1994), Pb levels dropped to 2.7 g/dl (Anderson, 1995) . Among inner city children in Chicago, blood Pb levels declined from 30 g/dl in 1968 to 12 gdl in 1988. With each decline of 0.1 g/m 3 in air Pb levels, there was corresponding decline of 0.56 g/dl in blood Pb (Hayes et al., 1994) . Flegal and Smith (1995) report national Pb levels for all age groups at 2.8 g /dl and they estimate the preindustrial blood Pb levels at 0.016 g /dl. ATSDR does not report typical intake ranges for Pb. WHO (1995) reports a mean range of daily intake exposure at 15 ±312 g/day.
Arsenic occurs in both organic and inorganic forms with different valence states. Inorganic As is viewed as a health threat unlike organic As. Ingestion of inorganic As can result in anemia, gastro-intestinal and dermal problems (Agency for Toxic Substances and Disease Registry, 1993a) . Inhalation is associated with respiratory, cardiovascular, neurological, teratogenic, and carcinogenic effects (Agency for Toxic Substances and Disease Registry, 1993a) . The average adult in the U.S. is exposed to As at a rate of about 50 g/day (Agency for Toxic Substances and Disease Registry, 1993a) .
Human exposure to Cd occurs through ingestion and inhalation. Smokers experience double daily exposure of nonsmokers to Cd. Acute and chronic inhalation can result in damage to the lung including cancer, and chronic inhalation affects other organ systems. The average adult consumes Cd at a rate of about 30 g /day (Agency for Toxic Substances and Disease Registry, 1997b) .
Cr (III) and Ni are essential nutrients. The average U.S. adult consumes about 60 g /day of Cr (III) and about 170 g/day of Ni. Cr IV exposure can cause adverse health effects. Among the sensitized, exposure to Cr or Ni provokes dermal and inhalation allergy, (sneezing, runny nose, itchy eyes), chronic bronchitis, and reduced lung function (``asthma''). Long-term inhalation of both metals is associated with an elevated risk of lung cancer (Agency for Toxic Substances and Disease Registry, 1993b, 1997c) .
Day-to-day exposure to these metals is common. Mediaspecific concentrations are available from many sources, and researchers may gain understanding of exposure mechanisms and subpopulations affected by evaluating one analyte through a single pathway. Pb is a good example.`P ica'' consuming children ingest dust and soil at an average of rate of 10 g /day (Environmental Protection Agency, 1997). Pb content in house dust and soil is enriched by degrading Pb paint and proximity to heavily used streets and roads (Gulson et al., 1994; Elhelu et al., 1995; Lanphear et al., 1995; Sutton et al., 1995; Lemus et al., 1996; Madany et al., 1996; Emond et al., 1997; Lee et al., 1997; Rust et al., 1997) . These studies indicate that soil and dust concentrations range from nondetectable to the milligram per gram range in contaminated areas. Children and adults encounter elevated exposures when they consume vegetables grown on soil with elevated Pb content (Stalikas et al., 1997) . For instance, daily Pb intake from rice grown near a Pb ± Zn mine in Korea is estimated at 126 g (Jung and Thornton, 1997) . Pb bioaccumulation can also be found in the flesh of animals (Amundsen et al., 1997) . Daily consumption of fish by subsistence fishermen adds 130 ng of Pb exposure each day (Tchounwou et al., 1996) . Pb, leached from ceramic and glass containers (14.2 mol/l), can contaminate food and beverage (Graziano et al., 1996; Ajman et al., 1997) . This is a well-known hazard and is associated with low fired ceramics made in Mexico and commonly available in Arizona.
Other media-specific evaluations are common in some industries. For instance, workers are exposed to elevated airborne As levels from dust in mining operations (Liu and Chen, 1996) , fumes of copper smelters (Enterline et al., 1995) , and fly ash from maintaining coal-fired power plants (Yager et al., 1997) . Exposure risks associated with ingestion of As from soil are described by Valberg et al. (1997) . Drinking water is regarded as the single most important source of As exposure (Haupert et al., 1996) . Each of these studies examined a single source. Rarely do such studies have sufficient background information or human activity data essential to adequately evaluate human exposure. Few surveys have collected multiple-media concurrently much less included records of human activity and duration of potential exposure. Lacking such data, there is no opportunity to examine the complexity of exposure simultaneously through multiple routes. Nor can the relationship between the individual and his surroundings be examined.
A few studies have undertaken multiple-media multiplepathway evaluations. The Lower Rio Grande Valley, LRGV or Brownsville, study is one such example. Nine homes were examined seasonally for multiple analytes within multiple media collected by comparable samples (Buckley et al., 1997; Mukergee et al., 1997a,b) . This work initiated a new paradigm of exposure assessment. Researchers could see the potential power of the multiple-media, multiplepathway approach to human exposure assessment. The LRGV studies examined five media with a total of 380 analytes in nine homes. The goal of NHEXAS was to examine a number of analytes in a larger sampling frame and model the data for the population.
Review of the recent literature illustrates the paucity of total exposure surveillance databases available for comprehensive exposure assessment. As a nation, we lack systematically collected data essential for planning, implementation, and evaluation of public health practices and programs. Further, we need data-based models to make informed decisions for protecting and promoting public health (Sexton et al., 1995b) . These concepts are the basis for pursuing results presented herein.
In this paper, concentration distributions for these five NHEXAS AZ metals are reported by media (air, soil, house dust, food, beverage, and water) and method of analysis. Preliminary distributions of total exposure for these five metals are presented and the distributions of total exposure are examined independently by age, gender, and ethnicity as reported by the subjects in the NHEXAS questionnaire.
Methods
NHEXAS AZ employed a population-based probability design and contacted 1225 households (see Robertson et al., 1999) . Of these, 179 homes were targeted for detailed multianalyte, multimedia sampling (Stage 3). The study design, questionnaires employed, field and laboratory analytical techniques were previously presented (Lebowitz et al., 1995) . These field collections and laboratory methods are summarized in Table 1 .
We used preliminary data from 176 homes for this paper. Pb, Cd, Cr, and Ni were evaluated using ICP-AES for air, house dust, and soil samples. As was analyzed using HG-AAS (Battelle NHEXAS). PM 10 air filters were weighed to calculate PM 10 concentrations, X-rayed for metals, and shipped to Battelle for analysis by ICP-AES (or HG-AAS).
Dust and soil samples were collected at respondent's homes using methods described in Table 1 . In addition, samples were evaluated using X-ray fluorescence; those results will be reported elsewhere. During initial processing, samples were sieved to three established sediment classes [coarse (gravel, >2 mm); medium (sand, >2 mm and 62.5 m); fine (clay and silt <62.5 m)]. Four to six grams of the finest fraction (<62.5 m) were placed in plastic sample bags for analysis.
Samples were forwarded to Battelle Memorial Institute (Columbus, OH) for ICP-AES and HG-AAS analysis. All samples were digested /extracted with nitric acid prior to analysis by ICP-AES and HG-AAS. The ICP-AES was used to analyze the sample extracts for the concentration of 10 of the 11 elements with As being the one element analyzed by HG-AAS. The ICP-AES instrument was calibrated by analyzing a minimum of a blank and three calibration standards. A linear regression calibration curve was calculated by the instrument and the concentration of each of the elements in the sample extracts was determined from this calibration curve. For samples with concentrations above the calibration range, the sample was diluted so that the concentration would be within the calibration range.
Sample extract aliquots were prepared for As analysis by adding ascorbic hydrochloric acid to the sample aliquots and allowing them to react for at least 45 min. Calibration Table 1 . Field and laboratory methods used.
Media
Field method standards were prepared in the same manner as for ICP-AES. The AAS instrument was calibrated using a blank and five calibration standards. The concentration of As in the sample aliquots was determined from the linear regression calibration curve. Questionnaires provided information essential to evaluate exposures. The NHEXAS questionnaire consists of eight component questionnaires; portions of the Descriptive and Baseline questionnaires, Diet and Time-Activity Diary were used in the analysis. Descriptive and Baseline questionnaires were administered by interviewers; the``diaries'' were self-completed. Gender and ethnicity were retrieved from the Descriptive questionnaire, age from the Baseline, and amount of tap and drinking water consumed were taken from the Diet Diary. Time allocation (indoors and outdoors) was derived from the Time-Activity Diary.
Food and beverage consumptions were calculated based on the weight and volume of material collected as 24-h duplicate diet and beverage samples. Food and beverage samples were sent by overnight express on ice to the Food and Drug Administration (FDA) for analysis. Samples were homogenized and aliquoted for various evaluations. Metal aliquots were evaluated by inductively coupled plasma spectrometry (ICP-MS). Water samples were wrapped individually in bubble wrap and sent to an EPA contract lab by overnight express on ice for analysis. Samples were analyzed according to EPA Method 200.8 using ICP-MS.
Data entry was accomplished through several mechanisms. Questionnaire responses and selected field and laboratory forms were entered at the University of Arizona using Teleform# version 5.0, Cardiff Software, a scannable form with hand-writing recognition. Data were cleaned using custom built``data dictionary'' programs that are executed as SPSS# command files. Data generated through laboratory equipment were directly downloaded from instrument hardware into electronic batch files.
We used the media concentrations in conjunction with NHEXAS questionnaire responses and standard exposure factors (Environmental Protection Agency, 1997) to determine preliminary total exposure distributions for the five metals considered in this paper. Some values were absent in the concentration matrix due to sample loss or a measure reported as``below the detection level'' (BDL) of a method. Median values were used to replace values``missing'' due to sample loss. Two methods were employed to replace BDL values. If analyte concentrations were measurable for fewer than 10 samples, then half of the MDL was used to replace the BDL value. To calculate replacement values for samples BDL with more than 10 measurable concentrations per analyte, log-probit analysis was used as described by Travis and Land (1990) and Helsel (1990) . This assumes a lognormal probability distribution of the environmental concentration data (detects and nondetects). Equidistant points comparable in number to BDL samples are plotted along the BDL portion of the total regression line, and corresponding values are assigned to the data matrix to replace the BDL values.
Time-Activity Diary information from each subject was essential. During the sampling week, primary respondent recorded time spent in seven locations each day. Any time not accounted for between 9:00 P.M. and 5:00 A.M. was coded as``indoors at home''. With this correction, an average of over 23 h per day were recorded across the population. Time spent``in transit'' was considered time spent outdoors. In these analyses, mean daily percentages of time expenditure``indoor'' (T i ) and``outdoor'' (T o ) were derived. These time values are used in conjunction with air concentrations and breathing rates to calculate exposure of respondents to metals in air. We assumed standard light activity breathing rates (B c ) of 7 m 3 /day for a child, 13 m 3 / day for a female adult, and 17 m 3 /day for an adult male. Therefore, given indoor and outdoor metal concentrations (M i and M o , respectively), then daily time weighted average inhalation values (E a ) for any individual can be expressed as follows:
Exposure through ingestion utilized a Diet Diary kept by each primary respondent for 4 consecutive days. Subjects recorded the volume and type of water consumed for both drinking water (L d ) and tap water (L t ). Across the population,``drinking water'' could come from many sources (i.e., cisterns, multiple brands of bottled water, filtered or treated tap water, etc.). We defined``tap water'' as water delivered through the plumbing system of the home. Many people consume nontap separate source drinking water. The metal concentration in each water source was measured (M d and M t , respectively). Ingestion of metals through water was calculated by multiplying the contaminant in the water by the volume consumed for each water type. The calculated water exposure for each source is then summed to yield the total ingested metal exposure through water (E w ).
Duplicate diet samples were evaluated in the laboratory prior to shipment for individual and total food weight (I w kg/day) and total beverage volume (I v kg/day). FDA Laboratories measure the concentration of each metal in homogenized food sample (M f ) and beverage sample (M b ).
Metal exposure through consumed food and beverage (E c ) is expressed as:
Soil and house dust are common sources of accidentally ingested contaminant. E e , calculated below, represents the contaminant ingested from these sources. We assumed intentional or unintentional ingestion through dust or soil at the rate of 10 g/day for a child known to consume pica; 100 ±400 mg/day for the typical child; and 50 mg/day for adults (EPA, 1997) . None of the children in this survey was known pica consumers. Children were defined as anyone under the age of 18 years, and intentional ingestion was prorated proportionally by age. Youngest children were attributed the greatest consumption and oldest children the least. Ninety to ninety-five percent of accidental consumption will be made up of silicon, oxygen, and potassium, the most abundant crustal elements. M h represents the concentration of metal found in the house dust and M s represents the concentration of a given metal in soil. The mediaspecific, age-specific consumption rates are calculated for each environment:
Values are weighted by the contact duration outside (T o ) and inside (T i ) as derived from the time-activity questionnaires (as for air). The sum of these time-weighted products represents the portion of exposure from nonfood consumption (E e ).
E e g=day n age j1
None of the metals in this paper is considered to be dermally absorbed (Agency for Toxic Substances and Disease Registry, 1993a Registry, ,b, 1997a .
Total daily exposure (E t ) for each participant is the sum of these various exposures.
This simple model does not incorporate any weighting factors related to the pharmacokinetics of exposure route of entry, or any potential differential uptake associated with disease states of any of the individuals. Further, it represents the exposure not of the Arizona population, but of the study (Stage 3) population (see Methods Section). Future work will include the appropriate population weighting factors. Once E t is calculated for each participant, we examine the distribution of the exposure for the Stage 3 study population by age, gender, and ethnicity. Table 2 contains the gender, age, and ethnicity characteristics for the 176 subjects considered for the model. Females were over-represented in the sample. The population contains one Hispanic for every two nonHispanics; this relationship was consistent for each gender and all age groups. Further, the ethnicity relationships were consistent with the diennial census data (Robertson et al., 1999) . Table 3 compares the detection and distribution of measurements for various media by ICP-AES and HG-AAS. Using ICP-AES, Pb and Cd went undetected in air. Cr and Ni were found in a few samples above the 90th percentile, but in very low concentrations (ng / m 3 ). As was analyzed using HG-AAS and detected in low concentrations (ng/m 3 ) in about 30% of the air samples. These results indicate that exposure to metals from air is very low for the studied population. For floor dust and soil, both chemical methods identified homes at the high end of the cumulative distribution. Pb was detected in 14% ±15% of the samples and Cd in 57%. Cr, Ni, and As were detected in more than 90% for both media. Concentrations of metals in food, beverage, and water were measured using ICP-MS by FDA and water contract labs. Pb, As, Cd, and Ni were found in almost every food sample evaluated. Over two-thirds of the food samples contained some Cr. Pb, As, and Ni were found in almost all water samples, and even at the maximum value, only one Pb sample exceeded allowable limits. This exceedence came from a home-filtered water source; none of the tap water sources exceeded limits for the partial data set presented. With this one exception, all``drinking water'' (filtered, bottled, other source) appeared to have less metal content than tap water (see Table 3 ; both range and percentile). Cd was rarely detected in water. To perform this preliminary exposure assessment, we needed a complete data matrix.
Results
Missing values (see Table 3 and subtract # samples evaluated from 176) were replaced with the median for the distributions reported in Table 3 by media, analyte, and analysis method. BDL replacement method A was described by Travis and Land (1990) and Helsel (1990) . Method B 0.5(method detection limit) was used exclusively for air samples because so little metal was captured, that method A could not be used. Table 4 contains the complete data matrix, including substitute values, used in the exposure model. These values closely paralleled the concentration values presented in Table 3 . Except for As, air concentrations are essentially a constant, weighted by inhalation rate, in the exposure model. From a concentration matrix perspective, air and water contributed minimally to the total exposure calculation. High concentrations found in soil and house dust suggest that they may be important. When weighted by the amount consumed, food and beverage played a major role in the total exposures. Table 5 contains the total exposure (E t ) distributions. For Pb and Ni, the total exposure differences were about 10 g at each quartile for all subjects.
Ingestion was also key to the total exposure for males, females, and children. On average, males ingested the greatest quantities of food. Women followed and children consumed the least. For all metals, exposure declined with age; adult men experienced the greatest exposure and children the least. The expected increase in exposure through secondary ingestion of metal from dust and soil was not evident in this evaluation. Too few of the children were under the age of 6 years (Robertson et al., 1999) .
When comparing exposure among Hispanic and nonHispanic populations, few differences were evident for As, Cd exposures when controlling for method of data combination. Non-Hispanics appeared to have greater Cr and Ni exposures. However, at each percentile, Hispanics appeared to experience greater exposure to Pb than nonHispanics. Results were not influenced by gender or age, since women and children appeared to maintain the same ratios in both groups.
Discussion
The relative analyte contribution by media is significant when considering future research agendas. For instance, almost all fixed site air samples were below the detection limit or, when detected, values were in the nanogram per cubic meter range. Lacking compelling evidence related to particle deposition site, population susceptibility, association with a specific disease, or pharmacokinetics of a given analyte, the importance of air to total metal exposure may be limited. The metal concentrations were greater in dust and soil than in other media, but the transfer coefficients dilute these relatively high concentrations. However, the literature supports the association between exposures through these media with negative outcomes (Gulson et al., 1994; Elhelu et al., 1995) . Secondary exposure through soil and dust is a major hazard for children under the age of 6 years. In the typical NHEXAS AZ participant, exposure through food, beverage and to a lesser extent water, appears to be the major pathway of risk based on media concentrations.
Weight and volume of food and water consumed dictated the total exposure values. In general, adult men had greater exposure than adult women and both exceed the exposures experienced by children. Other factors may make the children's exposure more significant. Amount consumed may be more important than gender. Heavy Table 2 . BDL replacement method A is that described by Travis and Land (1990) and Helsel (1990) ; Method B is 0.5 (method detection limit). When results were available for 100% of the collected samples, replacement is not applicable (n/a). The introduction presents typical daily exposures for the average adult in the US for As, Cd, Cr, and Ni. For this discussion, we assume that the 50th percentile of total exposure (Table 5 ) is equivalent to the average adult. Further, we will assume that the estimates are a``true'' reflection of exposure. Using the total exposures calculated using the model, the study participants have similar values for Cd (ATSDR=30 g /day, model =28 g/day for an adult male, and 23 g/day for an adult female) and Cr (ATSDR=60 g /day, model=77 g/day for an adult male and 62 g /day for an adult female), and are not at risk for As (ATSDR=50 g /day, model =17 g/day for an adult male and 22 g/day for an adult female) or Ni (ATSDR=170 g/day, model =145 g /day for an adult male and 135 g /day for an adult female). If the median is a good indicator, then the NHEXAS AZ data suggest that most values derived in the ATSDR volumes exceed exposure detected for the adult population. Pb has a very wide range. Lack of a``typical'' Pb value in the ATSDR volume suggests that there is no accepted median exposure. These preliminary assessments have serious limitations and were performed to indicate the potential of the NHEXAS approach. Vast improvements can be realized with completion of the data set. We have used exposure constants for both breathing rates and dermal transfer.
These can be refined with further incorporation of questionnaire information. In this preliminary analysis, we have controlled for none of the confounder or modifier effects. Finally, this model incorporates none of the available pharmacokinetic factors, nor does it consider differences in uptake as a function of disease or other variables. When these factors are incorporated in the final exposure analysis, NHEXAS will provide``observed'' exposure ranges. Our analysis reflects calculations for the population investigated in Stage 3 of the NHEXAS AZ study design. In future analysis, the appropriate weighting factors will be added to model upward expanding results to population of Arizona and additional efforts will be made to examine subpopulations.
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